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II. TECHNICAL DISCUSSION

A. THE THERMAL DISSOCIATOR

One of the important problems in the field of experimental atomic physics
is the production of sufficiently intense beams of atoms or molecules when these
are highly reactive or unstable, as are atomic hydrogen and free radicals. The
use of electric discharges, such as in the Wood's discharge tube, has long been
a favorite method, in particular when species with high excitation energies are
required. More recently, with the availability of high-power radio frequency and
microwave sources, discharges using r.f. excitation gained wide application.l
The generation of the desired species in the electromagnetically-excited source is
strongly dependent on the discharge conditions (power, frequency, gas pressure)

and on surface effects on the discharge tube (recombination, quenching).

The hydrogen maser, as an atomic heam device, requires a source of atomic
hydrogen which can deliver, after state selection in a magnet, 102 to 103 hydrogen
atoms/sec. into the storage bulb in the maser cavity. In a practical laboratory instru-
ment where operating time between maintenance periods is in part limited by pump
capacity, it is desirable to obtain this working flux in the most efficient manner
with respect to the total gas flux out of the source. For this purpose, sources are
equipped with multi-tube collimators to furnish a highly directional flow from the
vsource. ( The collimator also allows the proper source pressure to be maintained
for the currently-used r.f. discharge dissociator.) Proper design of the state-
selecting magnet is important to maximize flux into the bulb, and the results of

calculations to this end are presented in Section II-B.

The current r.f. discharge source has another characteristic which has
given some difficulty in field applications. If a maser appears to require more
atomic flux to oscillate properly, as in the case of a lower-than-usual cavity Q,

a natural method is to increase hydrogen flow to the source and thus to raise the
source discharge pressure. This has not infrequently resulted in the source
developing a discharge condition known as '"the whites, ' where the usual deep violet-

red color of the discharge, characteristic of the Balmer series of atomic hydrogen, is



I. INTRODUCTION

The intent of the work done under this contract was to conduct a
study involving both a scientific and an engineering approach to the improve-
ment of the hydrogen maser for ease of operation and maintenance and for
field use. Two particular technical areas were singled out as important.
These were the atomic hydrogen dissociator and the tuning procedure

required to put the maser into useful operating condition.

Work in these areas was begun in separate projects and in the
course of studies related to these projects it became apparent that other
problems of a more fundamental nature needed to be solved. These included
magnet design and atomic trajectories in the state selecting system and
also the design of the interaction region where the hydrogen atoms release
their energy to the microwave field. Careful work in these areas had
been somewhat neglected in earlier efforts to design and build the labora-
tory version of the hydrogen maser. From a general point of view as well
<as the more particular point of view included in the scope of this contract,
these studies will aid considerably in the design of shorter, lighter, more
efficient and more stable time and frequency standards for ground and

space vehicle use.




replaced by a whitish-blue color, and in which little or no atomic hydrogen

is produced. This pathological condition is not easy to cure and takes a considerable
time (often days) to disappear. During this time, the maser does not operate, as
hydrogen atom production in the white discharge is inadequate to maintain oscillation
at all. Spectroscopic investigation of the light emitted by a source during the case
of the whites shows the whitish color is due to the many-lined band spectra of
molecular hydrogen. Details of this will be presented elsewhere, but the indication
is that there is a change in the surface condition of the borosilicate glass walls

of the scurce discharge tube under the higher pressure discharge, which leads to
much more rapid recombination of atomic hydrogen into molecular hydrogen. This

surface change is not easily reversed in a reliable manner.

The r.f. discharge source requires 10to 20 watts of r.f. power at 200 MHz.
If the maser is to be operated in the vicinity of highly sensitive communication

equipment, extremely careful radiation shielding to prevent r.f. leakage is required.

The efficiency of the r.f. discharge source even in the absence of the path-
ological ""whites' is highly dependent on the discharge condition, r,f. power,
pressure,etc. While the literature indicates efficiencies as high as 904 dissociation,
a more reasonable figure based on observations made in our laboratory is lower by
as much as a factor of 5. In tuning the maser cavities, either manually or automat-
ically (see Section II-C), the line Qis varied by changing the H flux into the bulb.?

If one attempts to do this by changing the source pressure, atomic hydrogen flux
changes, but in a way which is not strictly proportional to pressure. In an automatic
tuning system where the proper feedback gain is determined by this change in
hydrogen flux, if the source's efficiency varies at a given pressure because of, say,

surface effects, the tuning correction increments will be non-optimal.

The preceding considerations suggested that an alternate approach to the
production of atomic hydrogen for use in the maser,which would bypass the above-
mentioned difficulties, could result in increased maser reliability and performance.
Molecular hydrogen is dissociated into atomic hydrogen at elevated temperatures.
The temperatures required are still far below those which would produce ionization,
however. The degree of dissociation is determined only by the hydrogen

pressure and temperature. Thus, in a thermal dissociation atomic hydrogen source,



the efficiency is known, as long as conditions of thermodynamic equilibrium pre-
vail. The equilibrium constant for the dissociation is determined by the difference
in free energy between the molecule and atom and may be obtained from standard
thermodynamic tables.” Curves of dissociation efficiencies as a function of pressure
and temperature are shown in Fig. A-1, Typically, a source at 2400°K and H,

pressure of 20 microns is 90% efficient.

If a very large hydrogen atom flux is desired, the source pressure may be.
raised considerably, as long as the oven temperature is also raised to maintain
dissociation efficiency. The practical limitation to this process is the vapor
pressure of tungsten, which determines oven lifetime. The major disadvantage of
a thermal dissociator is that the atoms emerge with the velocity characteristic of
the oven temperature. Consequently, a longer state-selector magnet is required

and the collection efficiency is reduced because of the smaller solid angle factor.

Thermal dissociation sources for atomic hydrogen have been made for
atomic beam experiments previously; perhaps the best known use was in the classic
experiments of W, Lamb and collaborators.* These were characterized by sizeable
power consumption, water cooling and short lifetime. Both resistive heating and
electron-bombardment heating have been used. The most recently reported source
in the literature used resistive heating® To test the feasibility of maser operation
with a thermal dissociation source, a resistance-heated, water-cooled tungsten foil
source was constructed. Many of the desirable features of a practical maser source

were deliberately not included in this first test model. This is shown in Figure A-2.

It consists of a 1/8'" diameter tube of six turns of 1 mil tungsten foil gripped
on the ends with molybdenum holders. The ends of the tubing are forced outward by
threaded conical molybdenum inserts. The end supports are cooled by conduction to
copper blocks, which are water-cooled through ceramic-metal seals. Heating is
accomplished by passing heavy alternating current through the tubing by means of
the end supports. Hydrogen atoms emerge in a Lambert-law angular distribution
through a simple hole in the middle of the tungsten foil tube. Because most of the
atoms so emerging are at angles such as not to pass through the focussing magnet
and into the maser storage bulb, differential pumping and separate beam collimation

were used to decrease the load on the maser Vaclon® pumps. The region is thus

® Registered, Varian Associates,
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Figure A-2. Thermal Dissociator Ato




surrounded by a stainless steel capping tube which acts as a heat shield, pumping
enclosure and collimator (shown in place in Fig, A-3). Hydrogen is introduced

through a heated palladium leak and stainless steel tube into one end mount.

The device was placed in a hydrogen maser equipped with two focussing
magnets in series to compensate for the higher velocity of the atoms emerging
from the thermal source. The differential pumping enclosure was separately
evacuated by a Welch 1397 mechanical pump. This experimental arrangement is
shown in Fig, A—4. After alignment, the tungsten foil tube was heated by passing
60 cycle a.c. current through it while its temperature was monitored by means of
an optical pyrometer. At a current of 150 amperes, the temperature of the center
portion of the tube reached 2400°C. At this temperature, a large percentage of the
hydrogen molecules are dissociated into atoms, and maser oscillation was achieved.
The temperature of the source was lowered to determine the oscillation threshold.
With proper adjustment of hydrogen flow conditions, oscillation could be maintained
at a temperature of 2000°C. An intermediate temperature of 2400°K was determined
to be most satisfactory from the point of view of lifetime and hydrogen flow rate.
The time required to turn up the source from room temperature was only three
seconds, and the level of maser oscillation was easily varied by changing the source
temperature. The maser was then permitted to oscillate for approximately 12 hours
to determine if any deterioration would appear in the source. None was detected,
and examination indicated that the source could probably have continued to function

for a very long time.

Although the above described source was satisfactory as a laboratory ex-

periment, it possesses four major disadvantages:

1) High power consumption -- 250 watts at 2400%K;
2) Necessity for water cooling -- hence thermal inefficiency;
3) Need for an auxiliary mechanical pump;

4) High hydrogen consumption.

At the elevated temperatures required for dissociation, the major source of
heat loss is through radiation. At 2500°K, the power radiated by 1 em.? emissivity
=1, is over 200 watts, It is hence advantageous in minimizing power consumption
to have as small an area of the oven heated as possible. Heat loss by conduction

to the supports must also be severely limited. The emergent atomic beam should be

- 5=




ing tube in place.

Thermal Dissociator Atomic Hydrogen Source, showing capping

Figure A-3.
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highly directional to minimize vacuum pump load. Radiation loss should be con-

tained and, if possible, reflected back through the use of radiation shields.

These considerations led after further experimentation to the design in-
dicated schematically in Fig, A-5. It consists of a ,040 O.D., .020" I.D. tungsten
tube made by vapor deposition. The end of the tube from which the atoms emerge is
heated by electron bombardment from a surrounding spiral wire dispenser cathode
(experimental type, Varian). The surrounding electron beam assembly acts like a
heat shield reducing radiation loss. The heated area of the tube is only about 1 em,
long, or about 20 inside diameters. The theoretical power lost by radiation for such
a tube is 20 watts at 2500%°K (total spectral emissivity of W = . 303 at 2500°K). The
conduction loss is minimized by using a long W tube, subject to the limitations of
mechanical and vibration strength and supported on only one end. The long, thin
tube produces an atomic beam whose angular distribution is highly peaked in the
forward direction, The boron nitride block containing the electron gun assembly
conducts heat easily down the support rods to the mounting flange. After proper
activation of the cathode, electron emission may be maintained with less than 10 watts
input. The temperature versus power input (electron beam current x accelerating
voltage) is shown in Fig. A-6. This curve is fitted by the equation
T T

4

P (watts) = 552 | 1000

At 2500%°K, this shows that approximately 21 watts are radiated and 2 watts are lost
by conduction down the tube, in excellent agreement with theoretical estimates.
Under normal operating conditions in a maser, the total power input requirement is
less than 30 watts and hence less than for the r.f. discharge source currently used
in the Varian H- 10 hydrogen maser. Dispenser cathodes may be reactivated after
exposure to air several times and hence need not be replaced if vacuum is broken.
The use of pure W for the oven material allows much higher temperature operation
than the source described in reference 5, and our total source efficiency is three
times higher (30 watts versus 90 watts at 2400°K).

Tests for ruggedness, reliability, lifetime and characteristics under a

variety of operating conditions are continuing,




B. ATOMIC TRAJECTORIES

Hydrogen maser oscillation level is determined by the flux of hydrogen
atoms in the F=1, mp= 0 state into the storage bulb. This state selection
is accomplished by inhomogeneous magnetic fields which f ocus the desired
hyperfine state into the bulb and defocus the undesired states. The flux
depends on source pressure and temperature, magnet aperture and field
strength, the source-bulb distance, and bulb aperture. In practice, the
magnet field strength and aperture are limited by the materials from which
it is constructed (saturation of pole-tips, energy density of Alnico). The
temperature of the source affects the velocity distribution in the beam, with
higher temperatures resulting in faster atoms which are more difficult to

bend. This must be compensated for by using longer selection magnets.

Calculations have been carried out, using both machine and hand
methods, of the trajectories of hydrogen atoms through magnetic fields of
a hexapolar symmetry. Results have been obtained for the optimum length
of focussing magnet, at the maximum practical field strength at the pole tips
of about 10 kilogauss, A perfect hexapolar field has an intensity which varies
as Kr?, where r is the radial distance from the axis of the magnet. All the

calculations to be described assume this field distribution.

The magnetic moment of the hydrogen atom in a particular magnetic sub:-

state m is described by the Breit-Rabi formula

W:——%}V- - Z’JI Hom + AW V1 +2mx +x°

2

where

w is the energy of the hydrogen atom

AW is the hyperfine separation, 1420.405 MHz

Hy is the proton magnetic moment

H0 is the external magnetic field
and

-u/d M I )
b )
AW

where x is 1 for H0 about 500 gauss.
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%—\g = Ueff is the effective magnetic moment of the atom,and the force exerted
(6]

on the hydrogen atom is Mg - %Er . The paths followed by the atoms can be

obtained by stepwise numerical integration, and the total expected intensity at

the entrance hole of the maser bulb obtained, relative to the source intensity.

The two focussed states of hydrogen are F =1, m=1 and F =1, m =0,
For m =0, the effective magnetic moment is a function of H,, but approaches an
asyrhptotic value for x >>1, The effective moment for m = 1 is a constant even
in zero field, and has the same value as the limiting value for the m = 0 state.
Thus, if the trajectories of the atoms pass mostly through regions where x > > 1,
such as off the hexapole axis, there is negligible difference between the trajectories
for m = 0 and m =1 states. We will consequently present a first trajectory cal-
culation, assuming a constant magnetic moment (m = 1 case) and which can be

solved analytically,

r

W = o H0 ( L ) for a hexapole magnet where ro is the
radius of the bore of the magnet.0

B _ _ T
-gW = F=ma-= 2“0 Ho ——roz
. 2y, H
. r=a:————°z——°r= - w°r
. mr
where
2 _ 2”‘OHO B 2"‘loHo 1
@ “Tmr 2 or W= oy T
o 0

.v. ‘r‘ + w 2 r = 0
r = C cos wt+t C2 sin (t.
1
Placing the source at the entrance to the hexapole magnet on the central axis

= r =0 att=0= C =0
1

,.f':C weos t
2

a

= vsinpgat t =0 where g is the angle the atom makes initially

with the axis, v is its velocity.




. C‘ - v sin 8

2 w
so that in the magn-=t

v sin .
——TE— sin @t

Now, the distance x along the axis that the atom has travelled is given by

X = Vvt cos or t = X
8 v cos 8
. _ vsing | wX
.. T = sin T .o o
w vV cos B
. . Y X
r = vsin g cos —=>—
vV cos B

At the end of the magnet, x = g,, the ‘radial velocity v, is given by

2

v_ = vsin gcos |————
T vV CcOoS B

wi )
The atom now travels in a straight line making an angle ¢ with the axis

after leaving the magnet until it reaches the entrance to the bulb, the drift distance
\4

being denoted by 153 . With = tan ¢ , one obtains the final value of the radius

at which the atom arrives at thé( end of the drift region,

. w £ w ¢
_ vsing ) 2 2 :
re n sin |~ cos B 5 £3 tan g cos (———v cos B) Equation (1)
For small angles, g< <1, this expression becomes
w L w £
= _‘I_ﬁ- i 2 2 .
Ty " sin + 153 g cos - Equation (2)

The condition for an atom to be refocussed onto the axis is re = 0, which

occurs for a velocity v such that:

w e w 2
—) = —2 Condition 1
V0 V0

An important fact to note is that

- tan

B = Equation (3)

A sin
w




For atoms which just graze the magnet, either within the magnet or at its
end, the maximum allowable angle is
g = “ o Equation (4)
max v

To illustrate the use of these results let us consider the case of focussing
into an aperture whose radius is equal to the magnet bore. This is shown in Fig kK B-1,
The velocity of the atoms focussed on the center of the aperture is given by Vo The
trajectory followed by an atom with a velocity higher than v, (which is given by
Condition 1) follows path 2, which in this limiting case grazes the end of the magnet
and moves parallel to the axis on emerging. This velocity, which we denote by
Vonax’ is given by

m.

Wi
2

7; Condition 2

v
max
On the other hand, a slower atom, indicated by path 1 can make a larger

initial angle with the axis, is bent over, and manages still to enter the aperture

at re=-r_ . Its velocity, Vi 1S given by the condition

v . wr w2 \ lw T ‘
-r, = min ( O\ sin l 2+ 0
f ( w min’ \ v ’ % \vminl
or re [ £ ) wi w 2
- = sin 2l + 3. ‘cos ( 2) Condition 3
I'o \ v I Vmin Vmin

It may readily be determined that v, as given by Condition 1 always lies between the

values of Vnax and V in 2S given by Conditions 2 and 3.

It is also possible for a faster moving atom to get to the aperture through the
magnet without grazing the pole-pieces. Such a possible path is shown by path 3 in
Fig. B-1. The maximum initial angle g which such atoms cen make with the axis

is determined by Equation 3.

The intensity distribution of atoms as a function of velocity for an atomic

beam source is given by

-10 -




21

_g2/.2
T(vdv= —2 ve VYo gy
= [2kT .
where o = m In such a beam source, the most probable velocity equals
3 3kT
2 ° T m T h¥Fa

[For atomic hydrogen at about 70°C, a=2.5x 10% cm/sec and 1.22 o =3.05 x 10° cm/secJ

The included solid angle intensity factor is given by 'szax' This can

easily be seen as follows:
The solid angle differential is d{° =sin 6 d6 d¢. Normalized to a

hemisphere

dQ _ sin6 dé de
Otot zm

For a beam source following the Lambert law,

- 40
dI = 21 cos® Otot
) 2m :”/2 ]
[d1 = 1, oJ 0! 2 cos § sing do de 5-
= 1

0

JdI for 6= 0to R

Jo
I = [dI = 1. cos®s¢
J 0 - PFmax
or iz—— = 1 - cos? Poax = Rzma.x for small R .

Hence, the expected intensity for a given veloeity relative to the total

source flux is

I(v) _ 2 .3 -v¥/e®
—':'[10—2—;2 V. e Ramax

where Rm is itself a function of velocity.

ax
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In the case where the maser bulb aperture is larger than the magnet gap,
the values of v as given by Conditions 1, 2, and 3 still hold, but a further type of
trajectory becomes possible. This is shown as path 1 in Fig, B-2. This is where

the atom just grazes the end of the magnet, continues in an upward direction, and

enters the aperture. In this case, denoting the maximum allowed velocity by V(ar’nax )
w L wr
I 2 = 0 1
r, = Rg s °f  Bhax v w 2
sin ( 2
v
Since
V(Zznax w £ AN
= ———— sin —'(z)—-z + 2 —(zrz'—
rf B w v 3 1V
max max
wr, w £
_ 2
rg =T t g/ 4 cot (—(Zfﬁ
o] v 3 v
max max
or
re- T, w4 w £
— = V—m—?— cot ;,_m_a_ Condition 4
o) max max

This reduces to Condition 2 if re=r.. Denoting the different regimes of velocities

i1 . Q) P43 . )
as v (Condition 1); v max ( Condition 2); v

Condition 3) and v (Condition 4)
max

min (

and using the relevant expressions for the total integrated intensity into the aperture:

v 5 v(® )
I = —24—- maxV3e /o —-—z——w - 9 gv + 2 maxv3e -v%/o? u\a_r,b_ dv
IO a v a vd Sinz w 1/2
min vV 5
max
m .
2
' 2/ 2 2 w
+ 2 dv Ve v/ T¢ v°
g w 4 w £ Wy
® sin 2+ 3 cos 2
vV max v v v
vmin 2, 2 : w?
L v'e ., 5
> cut-off [sin ( '&LV aj + _3,0;372 cos ‘wT“)] Equation (5)

-12 -
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where the low-velocity cut-off is introduced to exclude multiple -bend trajectories in

the magnet which make negligible contribution to the total intensity.

The first integrand reduces to the simple functional form

i"-;z—‘) UVT) e /) (v/a)]

which is the product of a constant solid angle factor and a normalized modified maxwellian

distribution.

These results may be applied to the design and performance prediction of a
practical selector magnet for a hydrogen maser. We choose the following design
parameters. We have a hexapole magnet whose bore diameter is . 125", maximum
field at pole tips 9.5 K gauss, a distance ¢ , between magnet and bulb of 10", and
a bulb aperture diameter of .2" (rf =1.6 ro). We determine what length magnet
to use, what the intensity into the bulb is as a function of velocity, and the total

expected flux.
Source temperature is 70°C. (R F. discharge atomic hydrogen source).
a=2.5 x 10° cm/sec

Setting N 1.22 (focussed velocity = most probable beam velocity), and using

Condition 1, we obtain

3.37 x10-% x160 = -tan (3.37 x 1072L )
2
or L, = 52.05
' L2 = 3,25 inches.
? J)
Here, L and L are —2 and 3
2 3 r
o o
Condition 3 gives
w 2 w 4 w £
-1.6 = sin 2 4 32 cos 2
v . v . v
min min min

An iterative solution of this transcendental equation gives:

Vv . = 2.685 x 10°cm/sec = 1.0742 4
min

- 13 -



Condition 2 gives v(Y = 1.3633 4
max
Condition 4 gives v‘zznax = 1.4918 4 = 3.7295 x 10° cm/sec.

One may plot the results using Equation 5 to obtain the curve sho:vnzin
Figure B-3. The central portion of the curve in Fig. B-3 follows the ve ¥ /o
distribution. The curve may be integrated in part analytically (between vV oin and
V‘])max) and in part numerically to obtain the ratio of beam into the bulb to total

beam I/I_ = l'; 6 x 103 . The relative contributions of the different parts of the
0

velocity distribution are

VeV i 19.2%

2,
Voin <Y <v({rnax - 62.67%

and )
AL 18.13%

Computer-integrated trajectories were obtained for several magnet
lengths and for source temperatures of 370°K and 2800°K (r.f. and thermal
dissociators). The computer integrated the atom trajectory through the mag-
net, using the exact Breit-Rabi formula to determine the force on the atom
along the path, for a particular velocity, and with the source located at the
entrance of the magnet on axis. By stepping up the angle and integrating a new
trajectory, the program determines the maximum allowable angle R, .. for
an atom to pass through the focussing magnet and to enter the bulb aperture,
whose diameter equals the magnet aperture and is located at a given distance
from the end of the magnet. The size of a beam stop located at the end of the
focussing magnet is adjusted to prevent undeflected particles from the source
(such as hydrogen molecules) from entering the bulb. This stop determines

the minimum allowable angle Bmi for a '"good" trajectory. The solid angle

factor as derived above is here givI;n by ( Bzma.x - Rzmin). In practice, the
Pamin term is negligible. This calculation was repeated for a number of dif-
ferent velocities. The intensity as determined by the velocity distribution and
solid angle was computed. The total intensity was then determined by evaluating

the sum:

- 14 -




T = 370°K, magnet length = 4" (Fig. B-6)
T = 2800°K, magnet length = 6.25" (Fig, B-7 )
T = 2800°K, magnet length = 9,375" (Fig, B-8)

The computer output data which is graphically shown in Figures B4
through ~8 isreproduced in Figs. B-9 through -13 in sequence.

We have thus determined the total relative bulb flux as a function of
magnet length., The values of 3 inches and 8 inches for the r.f. discharge and
thermal dissociator sources respectively are close to the optimal values for a
9. 5 K gauss field at the pole tip. A change in magnet length from 3 inches to
4 inches for the r.f. discharge source decreases the flux at the bulb aperture
by as much as 50%, so that these calculations have yielded important design
information for the state selector. The excellent agreement between the exact
computer calculation and hand calculations in the constant magnetic moment

approximation gives us confidence in applying these methods to other experi-
mental configurations.

For the beam source following Lambert's law as above, the intensity in
the forward direction (6 = 0) is ZIO. If a multitube collimator of the same
exit area is used, the beam intensity in the forward direction is unaffected,
while the intensity at larger angles is reduced. The reduction factor for the
total flux is commonly denoted by K (the kappa factor). Thus, the ratio —%—
which is calculated may be easily modified to give the ratio of bulb flux ©
to total source flux when a collimated source is used by simply multiplying

the numerical values of I/I0 by the source K factor.

-16 -
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The computer output lists v;, R .« and Rp i, (in degrees), 7(R%gx -

min)s
the i'th term in the above sum, and S.

Fig. B4 shows the results for an r.f. discharge atomic hydrogen source,
magnet length 3. The bulb aperture is at a distance of 15" from the magnet and
its diameter is equal to the magnet bore. It can be seen that the curves for m =1
and for m =0 are very similar. The total relative intensity for the m =1 state

8.324 107, while for m =0, it is 7.853

is x 107, One should expect slightly
better focussing for m = 1 because of its constant effective magnetic moment. The

population distributions are:

m=0 32% < Vinin

9% > Vmax

594 for Vpin <V <V

n max

m =1 17% < v

25% > Voax

58% for v . ;

min
n - Ymax

Thus, as in the analytic result, approximately 60% of the atoms have velocities

nand v and 40% lie in the "tails."

between v ;
Fig. B-5 shows an intensity versus velocity distribution curve for a
thermal dissociator atomic hydrogen source, where the atoms emerge with a
velocity corresponding to 2800°K. The magnet length has been increased to 8
inches to focus the higher velocity distribution from the high temperature source.

Because of the reduction in available solid angle in the longer magnet, the total
1,825

relative intensity into the bulb is x 107, considerably smaller than with
the r.f. discharge source. This could be compensated for experimentally by in-

creasing the total flux, a process which can be done easily for the thermal source.

Figs. B-6, -7, and -8 show the m = 0 bulb flux as a function of velocity with
the bulb 15 inches from the end of the magnet, and under the following conditions:

- 15 -
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0.1714563F-0%
0.1961317F-0%
N.77443%4€F-0%
0.2%39049F-0%
0.2874738F-08
0.3265039€-0%
0.3066612F-0%
0.41564%9F-0%
0.46ATT28F-NS
0.5294428F-0%
0.6018078E-0%
0.6R2T445F-0S
0, 7797464E-05
0.8909895F~09%
0.10263%6F-04
0. 118R196E-N4&
0.1383040F-04
0.1621372F- 04
0.1922044F-0N4
0.23045066-04
0.26020 76F - 04"
0.2572790F~04
0.254290RE~04
0.250081 T4F-04
0.2477216F-04
0.2445756F- 04
0.2413R21F-N4
0,238 14464F-04
0.23535T1F- 04
0.2325250€-04
0.2291652E- 04
0.2257726F-06
0,222R285F~- N4
0.2193754F-04
0.2163691€-94
0.21333366-04
0.2107356F-04
0.2076&457F- 06
0.2065341F-04
0.2013334F-04
0.1981862F-04
0.1919287F- 04
0.1602582F-N4
0.1357828F- 04
0.116R0&3F-N4
0.1014B65F-N4
N0.R86T3BIF-05
0.TB4T0O0E-NS

0.69RI009F-NS
0.6262244F-05
0.5647390F-05
0.5103863F-05
0.46372776E-05
Qe4?2?2RTLI4F-05
0.18B4773€-05
0.356A787F-05
0.3290466F-N6
0.3053173F-05
0.2830605F~05
0.2627386E-05
0.2453338£-05
0.22798 T3E-05
0.2127568E-0%5
0.2000450E-05
0.1872021F-05
0.1766791F-05
0.1659497¢-0%
0.156A29RE~0S
0.1472697€-05
0.139904BE~0%5
0.1320854F~05
0.1251394E-05
0.1183891€-05
0.1123282€-95
0.1070028€-05
0.1008017F-0%
0.96252356-06
0.9135976E-06
0.8660364F-06
0.8334988F- 06
0.7883483F-06
0.753186R€-06
0.7189097€-06
0.6898328€-06
0.6572649E-06
0.6255721€~06
0.6065271€-06
0.5763199F-0n
0.5469731F-06
0.5255762F-06
0.5085619F-08

0.4813281E-06

0.4615213€-06
0.4422043E-06
0.4233745E-06
0.408623AF-06
0,3907077F-06
0.3732690F-06
0.3620784E-06
0.3487502€6-06
0.3325276€-06
0.3187672E-06
0.3066564E-06
0.2916698€-06
0.2851646F-06
0.2708886E~06
0.2617670€-06
N.2528483¢-06

$

0.8324735F-0Y




VELOCITY ANGLF (4N} ANCLE{WAY
«~ocoon, 0 0308 N.h10
KOKNON, N N.410 N,“AS
5400000 0,320 0,568
SARNDO.0 « 0,330 N, 549
Saaaan.a 8240 n.828
STSN00 N 0,350 0.510
S7000N.0 0.368 . 0,498
SAGC0N .Y n. 3715 0,400
L& 0000,.N0 N.390 N, 468
S55000.0 0.4l0 0.450
HSAR0008.1) 0,295 N.63
410000.0 Ne290 N, A4S
«15000.0 N.288 0.695
620000.9 0,280 0,730
6250000 0,275 n, 710
AIONGLN 0,270 0.810
©35000.0 0,265 0,858
6400000 * 0.260 . 0.R90
A4S000,0 0,255 0.ARS
ASOONC N 0.25% 0.875
AEENNOLN 0,250 n,A70
AENDPNO L0 0,745 0.860
665000 ,9 0,245 0.RKS
£70000.0 0.240 0,850
&TS000.N 0.240 N.945
AROONN LN 0.235 0,836
6ASONN, 0 0.235 0.R30
€90N00.0 0.230 0.825
£ORNON 0 0,230 0,829
700000.0 0.225 0.810
TNRN0N.0 0.225 0.808
nncon.n 0.225 0.800
7NECAN LN 0.720 0.795
7200600, 0.220 0.790
725000 .0 0,220 0. 788
73n000.0 0.215 9.780
725000.0 0.215 n. 775
7479100.0 0.215 0,770
74500040 0.210 O.760
780000, 0 0.7210 n.755%
TRE000,0 0210 0,750
760000 .0 0.210 N. 745
TARENON N 0,205 N.160
770000.0 0,205 0,735
1750000 0,205 0,730
730000.1 0.208 0.725
TERLON, O 0D.268 N.725
790000 .10 0,200 0.7720
795000.0 0.200 0.71%
ARONCO0.0 0,200 n.710
DRON0 LN 0.200 0.70%
0NN, N 0.200 n.700
R1GNON O 0,200 0.695%
AR20D000.0 0.195 N.690
RISNON.N 0,195 0.685%
R3Q000.N 0.195 N.685
R35000.0 0.195 0.680
A6000N.0 04195 0.675
R45ANN N 0,195 N, 665
REOCNN LD 0.195 0.640
a55000.9 n.190 0.615
8A0000.9 0.190 0.59%
650NN 0.190 0.57%
ET0N00.0 0.190 0.555
ERAT 0,190 n,540
T8IC0ON. " 0.1%0 N.525
[A5000, ) 0,190 0.510
RYOON0 .1 0.190 0.408
2950000 - D185 0.480
anNnNOn. N 0.185 0.470
9C5080.0 0.185 0.4%55
91n00n." 0.185 Neb45
915000 .0 N.185 0.435
9200000 n.185 N.475
araC00, ) n.185 N.415
Q3nnonn ., 0.185 0.405
a350nn, 0 0.185% 0.400
nnNen.y 0.185 0.390
45000 .1 0.185 n,3as
[BONONND 0.185 0.375
AS500MN. Y 0.180 0.370
A6NO0N N 0.180 0.365
968ONN N 0.180 N.3585
CT0CN0N 0.180 N.AS0
QT5000,.9 0.180 N. 348
GROONON, D 0.180 0.340
OHEND . D 0.180 0.335
990C07%.1 0.180 0.330
8a5000 .0 0.180 0,326
17000 .10 0.180 0.32n
1NORENN,N 0.1R0 0.1315
1010000 ,0 0.180 0.310
1615000.0 N.180 0.310
1020000.3 0.180 N.30%
1OPR000. D 04180 0,300
1030n00.1 0.180 0.2095%
10350000 0.175% 0.29%
1040000,0 N.175 0.?290
1945000.9 0.175 N.285
1750000.9 0.175% 0.285%
1AR5AN0,D 0,175 N.280
t06N0NN,0 0.175 0,280
1065000,0 N.175% N.27%
1070n00.,7 0.17% 0.275%
1N75680,0 0.175 0.270
1020000.0 0.175 n.270
1ARSHHNLH Dl TS Ne26%
1090C00,0 0.175 N,265
1095000 ,0 N.178 D260
1100000.0 0.175 0.260
1105000, 0.175 0.25%
tt100n00,9 N.1TS 0,255
11150000 O 6 0,258
112000n.0 0.175 0.250
1128600,0 D175 0,250
11395000.9 N.175 N.248%
1135000,0 n.17% N, 245
1140000.0 0,175 N.24%

DFLYA (MF LA

0.26707006-03
0,235%37%¢-03
0.20749796-03
0.1800325€-03
0.15314126-03
0.1316809€~-03
0.10699076-03
0.A591319E-04
0.6136656E-04
0.3292025E-04
0.30259480€-03
0,342719%-03
0.3845157E-03
0.4369487:-03
0.4950232F~03
0.5581123e-03
N.6323T41£~03
0.6933339g-03
0.6A73049€~-03
0,6704620€~03
0.66452876€-03
0.6503414E-03
0.64213536-03
0.6362977€~03
0.6201873E-03
0.6143828€-03
0.6064160€-03
0.6007219€-03
0.5928507€-03
0.5794291E-03
0.5717014£-03
0.56402176-03
0.5585190€~-03
0.5509343E-03
0.5433987E-03
0.5379917€-03
0.5305512E-03
0.5231585E-03
0.5105503€E-03
0.5033011€-03
0.4960998€-03
N.4889464E-03
0.4838266E-03
0.4767688E-03
0.4697589E~03
0.4627969E-03
0.4627969E~03
0.4578205€E-03
0.4509542€-03
0.4441357€-03
0.437%50£-03
0.4306422E-03
0.4239673e-03

- D.4192302€-03

0.4126510E-03
0.4126510E-03
0.4061196E-03
0.3996360€E-G3

0.38608125€-013
0.3555909€E-03
0.3274078E~-03
0.3042488€-03
0.2818554€E-03
0.2602276E-03
0.2445092E~03
0.2292214E-03
0.2143642€-03
0.1999377E-03
0.1877362€-03
N.178644BE-01%
0.1653667€-03
0.1567539E-03
0.1483324E~03
0.1401023€-03
0.1320637€-03
0.1242164E-03
0.1233646E-03
0.1128044E-03
0.1090961€E-03
0.1018230E-03
0.1000047€-03
0.9643784E-04
N.8969T56E-04
0.8622419E-04
0.R289A68E~-04
0.7962101E-04
0.7639119E-04
0.7320922E-04
0.7007510€-04
0.669A8BR3FE-04
0.6395)41E~04
0.6095984€-04
0.6095984E-04
0.580171L1E-04
0.5512224€-04
N.5227521€-04
0.5397386E-04
0.511T468E-04
0.4842336E-04
0.4842336E-04
0.4571988E~-04
0.4571988E-04
0.4306425E-0¢
0.43064256-04
0.404564TE-04
0.406564TE-04
0.3789654E-04
0.3789654E-0¢
0.3538446E-04
0.3538446E-0¢
0.3292023E~04
0.3292023€-0¢
0.3292023E-04
0.3050385E-04
0.3050385€-04
0.2813531E-04
0.2813531£-04
0.2813531E-04

NFLTA S

0.1214511F-N8
0,1059A89F - 05
0.9721 TA66F-06
D.TRIGLREF -0
0.6626NTTF-08
0.562N200F-0%
0.450292AF- 04
N.ISAGIHAAF-NK
N.250RK T4k -NA
0.,13725R21F-04
0,1395060F-05
0.159A697F=-06
0.1814297F-0%
0,2075232€~05
0,23A7STRF-05
0.2720366F-05
N.3116067F-08
0. 344B354F 06
0.3451%2RF-05
0.3390632F-05
0,3399290F -5
0433561267 =08 -
0.3342141F-N5
033391 81F-N5
0.33230n75~-05%
N.3275110F-05%
0.325AT59F-0N5
0.37493R2F-05
043229017608
NaILTANGLF-DS -
0.3154A37F=-05
0,3131376F-05
0.3119776F-05
0.3N9404KF-08
0.3048136F~08
0.3053181€E~-05
N, 3I025645F-05
N.29973INAF-NG
0.2937905F~06
0.2908195F-0%
0.287TTTIRF-05
0.2B445THF-05~
N.282A824F-05
0.27941R4F - 05
N.2TA124AF=-N5
N.2727740F-0n%
0e2734549F~-0N5
0.2711279F-0N5
0.2676063F-05
0.2646N3R3F-NG
0.2604266F-N5
0.256TT42F-05
0.2537R41F~-05%
N.2504RB2F-05
0.266TIRF=-9S
0.?246R531£-n5
0.2430130F-05
0.2391482F-"5-

0.2314395F-~05
0,2126R175-05
0,19571305-05
N 1B1T2T726-05
0.1691951F-05
0.1550939F-05
Ne145521AF=15
0.1362039¢-05
0.1271453F-05
0.11R3501F-n5
0.1108A819F~05
0.,1052579F-05 .
0.9718007F-04
0,9185999F~0k
0.R665ITTF=N5
0.R189347F-06
0.7665079F-0k
0.71837525-096
0,69346T5F-04
0.6473791F-N4-
0.6234431E~04
05793 77F-06
0.5664194F-06
0.5439145F-06 -
0.5025902F-04
0.4811998F-A
N.4601946F-N4
0.4395R808F-NA -
0.6193640F-06
0.3995496F-
0.3801422F-04
0.3611442F-16 -
0.34254564F-N4k
0.3244030F~-0hH
N.3222164F-06
N4 3045406F -6 -
0.2R72515F-96
N.2704T1TF=-N8
0.2771804F-Nk
Ne2608NLTF=-NkH -
0.244R856F-06
0.,2429036F-058
0.2274T42F-06
0.7255R20F-06% -
0.2106753F-n4
0.2088506F~06
0.1944708F-06
0.1927202F~06 -
0.1788701F-04
0.1771995F=-n4
0.1638R03F -0k
0.1622947F-06 -
0.1495067F-06
0.1480099F-96
0.1465040F-06
0.1343469€-06
0.1329357F~04
0.1213087€-06
0119991 7F-048
0.118AT?5F-06

Fig. B-10. T =2800°, ;,=8", m=0.
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N.18246994F-03
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ANGLEUMIN)
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ANGY F {MAY)
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1.168
1.220
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1.336
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1.478
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1.53R
1.530
1.527
1.514
1.506
1.498
1.490
1.480
1.472
1.466
1,458
1,450
1.442
1.436
1.428
1.472
1.416
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1.400
1.392
1.3R06
1.37R
1.372
1.366
1.360
1.3%
1.346
1.340
1.33%
1.326
1.312
1,234
1.164
1.100
1.042
0.990
0.940
0.996
0.856
0.816
0.780
0.746
nN.T14
0.686
0.658
0.632
n.606
0.584
0.562
0.542
0.572
n.504
0.486

NELTA IMFGA

N.118508AF-D)
0.1099419€-03
0.1030784F-03
N.930N0335F-06
0.A436T33E-04
0.7092383F-04
0.5292109F-04
0.12%3110€-03
0.t310069€-03
0.1384982E-03
0.1442095€~-03
0.1517543E-03
0.1564665F-03
0.1640802F-03
0,1707408F-03
0.1T74526€-0)
0.1842457F~0)
0.1910900€-03
0.1979955F-03
0.2069798£-03
0.2140308€-03
0.2232140€E-03
0.2304105F-03
0.2397927€-03
0.2483673€-03
0.2579868€-03
0.72699453E-03
0.2789179€E-03
0.2912132€E-03
0.3027927€E-03
0.3154631E-03
0.3298608€-03
0.3429246€-03
0.3578DT6E-03
0.3738504€-03
0.3918838E-03
0.4111689€~03
0.4 299525€-03
0.4518788€-03
0.4751641E-03
0.5009681€-03
0.5273923E~03
0.5552978€~-03
0.5891941€-03
0.6240167€-03
0.6604193E~03
0.7040624€-03
0.74BT394E-03
0.802A726€-03
0.8578224€-03
0.9221812€-03
0.9927372¢-03
0.1070742€-02
0.1159247F-02
0.1260055€-02
0.1378889€E-02
0.1508601E-02
0.1663459€-02

0.1836392E~-02
J2.2045855E-02
0.2284253€-02
0.2321043€-02
0.2297034E-02
0.2267T196E-02
J.2243463E-02
0.2219853E-02
0.2197180€-02
0.2173814E-02
0.2150571F-02
0.2127451€E-02
0.2174453€E-02
0.2081577€E-02
0.2053963€-02
0.2031363€-02
0.2014493E-02
0.1992198€-02
0.1959844E-02
0.194T704E-02
0.1931179€-02
0.1909253E-02
0.1893688€-02
0.1871976€-02
0.1850387F-02
0.1834275€-02
0.16812900€-02
0.1796950€~-02
0.1775789€-02
0.1759999€-02
0.1745070€-02
0.1729418€-02
0.1713834€-02
0.1693164€-02
0.167T741E-02
0.1662387E-02
0.1662023€-02
0.1606680E-02
0.1416636E-02
0.1255998€-02
0.1118120E-02
0.9992294€-03
0.8961113E~-03
0.R057627E-03
0.7284539E-03
0.65B81159€-03
0.5973859€~03
0.5424316E-03
0.49276496€-03
J.4480394€-03
0.4105258€-03
0.37645127E-03
0.3431926E-03
0.3123893€E~-03
0.2873356E-0)
0.2632382€-03
0.2420780€-03
0.2217134E-03
0.20640399g-03
0.1869865E-03

NFL YA S
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Fig. B-13, T =2800° ¢,=9.375", m=0.
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C. AUTOMATIC TUNING SYSTEM™

Background

The oscillation frequency of a hydrogen maser is '"pulled' by the maser cavity
resonator. The degree of pulling depends on the cavity detuning and the atomic resonance

linewidth in the following way:®

- 2 1
\':\)H+§r\’0"\’ o 0.29v2aOﬁVciA\)£ 0
Ve Quy 1V, |
where v = Maser oscillation frequency
vyg = Atomic resonance frequency
ve =  Cavity center frequency
Q = Quality factor of cavity
v. = Mean velocity of the hydrogen atom
a, = First Bohr orbit radius
# = Planck's constant divided by 27
uo =  Bohr magneton
Ve = Volume of cavity
Vy = Volume of storage bulb
N = Ratio of average electromagnetic field energy density in the bulb to
average energy density taken over the cavity
AV P =  Atomic resonance linewidth

It is apparent that if the cavity is tuned to

Vco = Vg [‘ I— . (2)
I ] 0.29var“#V,
i -
L QL DV
then the term in the brackets in equation (1) vanishes and
= 3
v \)H (3)

that is, the maser oscillates at exactly the center of the atomic resonance line.

* The work described in this section was performed in part under Contract NASW-1337
and will be reported to NASA under that contract.
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The cavity can be tuned to Vv, by making use of the fact that the linewidth Av

is proportional to I the total flux of atoms entering the bulb. It can be shown? that

tot’

1

MsE. T T2 Wy 7 Vit (4)

where AV S.E. is the spin exchange contribution to the linewidth and Ty, is the mean
storagetime of the bulb. It can be seen from equation (1) that at the correct cavity tuning
point, Vg, , Vis independent of Itot’ the total hydrogen flux, The criterion for correct
cavity tuning is that no shift in maser oscillation frequency results from a change in the

flux of atomic hydrogen.,

Detailed System Analysis

The automatic tuner exploits the physical phenomena described in the previous
section. The system is capable of retuning an initially detuned maser and of holding

this tuned condition indefinitely.

Operation of the Automatic Tuner

The automatic tuner operates on the beat between the controlled maser and a
reference maser. The reference maser is offset in frequency, either by increasing
the C field or by offsetting the synthesizer in the phase lock loop of one of the masers
as will be described in a later section. This offset, in the order of 1 in 107!}, elim-
inates the necessity for determining if the controlled maser is higher or lower in

frequency than the reference and also avoids the possibility of excessively long beats.

The low frequency beat is fed into the input of the period gate generator as
shown in the block diagram, Fig. C-1. The period gate generator produces a gating
signal which begins at the first positive-going zero crossing of the beat input after
an enabling pulse from the master timer and which ends after 1, 10, 100 or 1000
periods of the input as selected by a switch. This gating pulse closes the master
gate, also located in the period gate generator, allowing the reversible counter to

accumulate a 10 Hz pulse stream supplied from the master timer.

The digital-to-analog converter produces on command an analog voltage pro-
portional to the digital reading in the register of the reversible counter. This analog
voltage is amplified and processed in the varactor voltage controller and then supplied
to the varactor tuner in the maser cavity. The register of the reversible counter is not reset,

the cycle repeats and the tuning continues until there is no further change in the counter register.
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The pressure control provides for the presetting of two hydrogen pressure
levels in the maser and for switching between these two pressures under control of

the master timer.
The time sequence of the tuning cycle is as follows:

a) An initial command from the master timer at time t = 0 sets the pressure

of the controlled maser to a low level and also sets the reversible counter to read "up."

by At t =240 seconds, allowing the controlled maser pressure time to
stabilize, the master timer enables the period gate generator, starting the period
measuring process. The reversible counter measures the period (or a multiple of

the period) of the beat, counting up on the 10 kHz pulse stream from the master gate.

c) Att = 700 seconds, a command from the master timer sets the pressure of

the controlled maser to a relatively high flux level and sets the counter to count down.

d) Att =942 seconds, the period gate generator is again ""enabled" and the
counter again digitally measures the beat period (or a multiple thereof), this time
counting downwards. The number remaining in the counter register is a measure
of the change in frequency of the controlled maser resulting from the change in
hydrogen flux. As can be seen from Fig. C-2, if the reference maser is offset to a
frequency higher than the controlled maser, the residue in the register will be positive
if the controlled maser frequency goes down with increasing flux (and negative if the
maser frequency goes up with increasing flux). An electrical signal indicating the

sign of residue in the register is fed to the varactor voltage controller.

e) Att = 1410 seconds a command from the master timer transfers the binary-
coded digital residue in the counter register to the register in the D-A converter. The
converter produces an analog voltage proportional to the digital residue which is am-~
plified and processed in the varactor voltage controller. The magnitude and sign of the
gain of the varactor voltage controller is adjusted for negative feedback; in the situation
illustrated in Fig. C-2, the change in voltage should be such as to raise the frequency

of the maser cavity frequency as shown by the dotted lines.

Note that the magnitude of the analog voltage is proportional to the numerical \,

value of the residue in the counter; the sign of the correction depends on the sign signal

from the counter register. —
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f) Att =1500 seconds, a master timer reset pulse sets the timer back to
zero and the cycle repeats from step (a); the varactor voltage is automatically re-
adjusted on each cycle until there is no further change in the counter residue. It
should be noted that this system is a true integrating digital servo; there is no
possibility of a steady-state error except for the granularity of the digital-to-analog

conversion,

Period Gate Generator

Fig. C-3 is a circuit diagram of the period gate generator. The beat input
is fed to Ql, an integrated circuit operational amplifier. The amplifier stage is
d.c. coupled and carefully designed to minimize drift and high-frequency noise.

Q2 is also an integrated operational amplifier, arranged as a Schmitt trigger.

The square-wave output from the Schmitt trigger stage is one input to the
number 1 nand gate of the integrated dual two-input nand gate, Q3. The gate is
normally held open by a logic signal from the output of the integrated J-K flip-flop,
Q8. The negative-going transition of the enable pulse triggers Q8, which in turn
closes gate 1 of Q3. In the one position of the period average switch, the square-
wave output of Q2 is transmitted directly to the integrated J-K flip-flop, Q12.
Since the J-K flip-flop changes state only on negative transitions, the output of Q12
is a pulse, the length of which is equal to one period of the input beat signal. This
period pulse serves two functions: it opens gate 1 of the dual nand gate Q13 to
permit the pulse stream from the '"pulse input" jack to appear at the '"gated pulse
out" jack; the trailing edge of the gating pulse retriggers the J-K flip-flop Q8
through gate 2 of Q3, thus opening gate 1 of Q3 and terminating the period measur-

ing process until another enable pulse is received.

In the 10, 100 and 1000 positions of the period average switch, integrated
decade counters Q5, Q6 and Q7 are successively switched into the circuit. Since
each decade counter produces an output pulse only after ten input pulses, the length
of the gating signal applied to gate 1 of Q13 is equal in length to 1, 10, 100 or 1000
periods of the beat input, as selected by the period average switch.
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Bidirectional Counter

The output of the period gate generator is a stream of pulses, at a 10 kHz
rate, for an interval of 1, 10, 100 or 1000 periods of the beat between the two
masers. The accumulated count on the bidirectional counter register is equal
to the time duration of 1, 10, 100 or 1000 periods, respectively, measured in

tenths of milliseconds.

The bidirectional counter itself is a standard commercial unit, Hewlett~
Packard type 5280 A. The directional information to the counter is in the form of
a d.c. logic level to channel B of the counter as shown in Fig. C-1; the command
pulses from the master timer are converted to d. c. logic levels by integrated
circuit bistable flip-flops in the count and polarity control unit; the circuitry is

quite straightforward and need not be detailed here.

Digital-to-Analog Converter

The digital-to-analog converter is a standard General Radio type 1136A.
Any three digits in the counter register can be transferred to the D-A register by
the transfer command from the master timer. The digit transference is a ""jam"

transfer; the D-A register is not reset before the transfer command.

The analog voltage output from the D-A converter is always proportional
to the count in the register. A transfer command is generated only once per
timing cycle, after a full up and down count, so that the output of the D-A changes

only once per cycle.

Varactor Voltage Controller

The output of the D-A converter goes to the summing terminal of the in-
tegrated circuit operational amplifier, Q1, in Fig, C~4. The gain of this stage,
and therefore the loop gain of the servo, is adjustable by means of the variable

feedback resistor R1.

The varactor diode is normally reverse-biased at the output of driver stage.
Q2 must therefore always be positive with respect to ground. The "manual" con-
trol permits setting the quiescent output level of Q2 at any level between +1 and
+14 volts. In order to obtain fully reversible feedback, it must be possible to in-

crease or decrease the varactor voltage about the quiescent level set by the
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"manual" control. The polarity control is accomplished by means of the FET
analog gates Q3 and Q4. When Q3 and Q4 are closed, the feedback voltage is
applied to the inverting terminal of Q3 and the correction voltage is added to the
quiescent output of Q2. If Q3 and Q4 are open, the feedback voltage is applied
to the noninverting terminal and subtracts from the quiescent voltage. The FET
gates are ideally suited for this application as they have extremely low "on"
resistances--in the order of 25 ohms, low leakage currents, and zero offset
voltage. Furthermore, the series-shunt gate is designed to minimize input

current offset of Q2.

The polarity information is carried by the sign of the count in the bi-
directional counter register. The sign output from the counter is used to steer
the analog gates at the input to Q2 so as to increase or decrease the varactor
voltage. Since the counter register is also used for counting up and down, the
sign output cannot be used directly to control the analog gates, but must be stored
in a sign register, which is an integrated circuit J-K flip-flop physically located
in the count and polarity control unit. After the bidirectional counter completes
its up and down counting cycle, a polarity command from the master timer transfers

the sign command from the sign register to the analog gates.

Pressure Control

The pressure control assembly is shown schematically in Fig. C-5. In the
H-10 masers, the hydrogen pressure is set by applying a d. c. voltage to the Pirani
gauge servo system. The pressure control assembly permits the presetting of
two pressure levels by means of the ten-turn potentiometers labeled ""Pressure 1"
and "Pressure 2" and the remote selection of either pressure setting by means of
the FET gates Q8 and Q9.

The integrated circuit bistable flip-flop, Q3, is triggered by the pressure
control commands from the master timer. In state 1, Q3 turns off Q4 which turns
off Q5. The gate of Q9 rises to the source voltage and Q9 is turned "on,'" connect-
ing the wiper of the ""Pressure 1'" potentiometer to the maser. In the second
channel Q6 and Q7 are turned on,which clamps the gate of Q8 at -15 volts and
turns off gate Q8. In pressure state 2, the situation is reversed; Q8 is on and
gate Q9 is off.
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Phase Lock Loop

The phase lock loop, shown in block diagram form in Fig, C-6, provides for
the generation of a standard, 5.0 MHz, signal locked to the controlled maser
oscillation and provides for the offset beat between the controlled maser and the

reference maser,.

As can be seen from Fig, C~6, the output of the 5.0 MHz oscillator is
multiplied to 1400 mc by a varactor multiplier chain and mixed in a balanced
mixer with the controlled maser output at 1420, 405751 MHz to generate the first
1F, 20.405751 MHz. The 20,405751 MHz signal is amplified and beat down to
0.405751 MHz in a second mixer and amplified again. The 20,0 MHz mixing signal
is derived from the 5.0 MHz oscillator by means of a separate x4 multiplier. The
0.405751 MHz IF is one input to the phase detector, the other input being the
output of the synthesizer which, in turn, is locked to the 5.0 MHz oscillator. The out-
put of the phase detector is fed back to a varactor tuner in the 5.0 crystal oscillator

so as to lock the phase of the crystal oscillator to that of the maser.

The output of the reference maser is fed to the input of a second receiver,
identical to that in the controlled maser loop. The 5.0 MHz drive for the multiplier
chains and the locking frequency for the reference synthesizer are derived from the
phase-locked crystal oscillator in the controlled maser loop. The output of the

reference phase detector is fed to the input of the period gate generator.

The beat offset is obtained by offsetting the frequency settings of two syn-
thesizers. It can be readily seen that if the two masers are oscillating at exactly
the same frequency, a difference of vg inthe frequencies of the two synthesizers
results in a phase detector output at a frequency vg. If the two maser frequencies
differ by an amount Vp» where Vp =V, - Vm, then the output of the phase detector

will equal the algebraic sum of vg and Vs
Vbeat = Vst vp Tvg - (Vm " Vm,) (5)

If vy is greater than Vi Vbeat does not change sign and no possible ambiguity

can arise in the operation of the automatic tuner.
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D. THE OPTIMAL BULB SHAPE

The oscillation conditions for the atomic hydrogen masers have been
discussed in rather general terms by several papers in the literature.3 %8

An important parameter is the quantity q which has the following value:

d 8mu 2 Y I Q 7V
0 b b
where
0 is the spin exchange cross-section
v, is the average relative velocity,
# is Planck's constant divided by 2,
Yi is relaxation rate of the atoms in the bulb,
Yt b i Y
E v v where Yo is the geometrical escape rate of atoms
b b7 E Y from the bulb,
Yo is the wall relaxation rate,
¢ is the ratio of wall relaxation events due
to recombination of atoms to the total wall
relaxation; ¢ has been measured and is
found to be equal to 1,
Ho is the Bohr magneton,
Itot is total flux of atoms entering the bulb,
I is the flux in the desired state for oscillation,
Q is the loaded quality factor of the cavity,
Vc is the cavity volume,
Vy, isthe bulb volume,
1 H dv] 2
e
vc IH dv

The quantity, q, defined as above can be expressed in terms of quanti-~
ties involving the geometry of the bulb region where the atoms interact with
A%
the r.f. magnetic field. The quantity S = 17 Tbé Q =17'Q contains this

information and can be described as a filling factor, 7' times Q. In this
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expression, Q is the total Q of the cavity resonator and is defined in the
usual way as

2mr Stored Energy

Q= Energy lost per cycle by various means
and EIQ' = 61- + Q-l— + 61— Qd includes only dielectric losses,
d w ext

Quw includes only wall losses,

Qext includes only power lost
to outside circuitry.

The quantity q can be expressed in terms of a factor that involves
fundamental constants and another factor involving geometry, and under the
usual conditions for the hydrogen maser where the state selector focusses
both the F=1, mp, =0 and +1 states, the value of q can be written

_ 9.95 x 102
q S
For maser oscillation g < 0.172, For oscillation under the above condi-
tions, S 25,78 x 103,

To obtain a value of S as large as possible the geometry of both the
bulb and cavity must be considered with particular attention to the wall,

dielectric and coupling losses.

In the present study the geometry of the cavity has been fixed to that of
a right circular TE;, mode cavity, This cavity has a theoretical, unloaded
Q of 87,000 and values of about 60,000 have been obtained in practice. The
problem of determining the best shape of the bulb within this cavity and the
value of N' due to this shape has been solved.
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n' is defined as:

2
— " H dV] U <H_ > v
dv ] v < H%> Vv
c cavity c

where H, and H are the z component and total magnetic field of the oscillation
in the maser cavity, b refers to the maser storage bulb, and c to the maser

cavity.

Differentiation with respect to infinitesimal changes of bulb volume

yields:

N
2H,) [ H_dv 1 | 1
1
SVI] - Z y surf - . [I szv] \
b vy, VA" [ mrav

where H,), surf 1S the value of H, at the point on the surface of the bulb where
the infinitesimal volume change took place.

Thus
2 Hy) <H,» - <H,>" :]
an' _ b surf bulb bulb
dvy, v, <Hs
cavity
2H,) - <H_,>
dv.
' b
or dT‘j‘]' - b surf bulb .
<H_>
Z bulb b

This expression gives a criterion for determining how deformations of the bulb
surface volume affect the filling factor. In particular, when ZHZ)b surf = HZ>bulb’
the filling factor is at its maximum value. This says that the optimal surface

for the bulb is one for which HZ is a constant and that the maximum value of the filling
factor occurs when the value of the average value of H, within the bulb is twice

its value on the surface. The value for HZ which satisfies this criterion has
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been obtained by numerical methods in the case of a cylindrical cavity opera-
ting in the TEq1 mode. It has been assumed that the bulb introduces no

distortion of the field lines in the cavity, an obvious idealization.

In this case, we take the form of HZ to be normalized to:’

HZ (r,z) = % Jo(kar) coskyz) = -—kk'— J,u) cos (v),

where we change to variables u =k;r, v=k;z, du=kdr, dv=Kk.dv.
—%U— ududv. We wish to find that
k k) .
= = —L —3 —
value of H, = const. C & such that <H > 1h 2c, - In performing the

integrations, cos v goes between 0 and c/J,(u), u goes between 0 and J,(u) =c.

The volume element 4mrdrdz becomes

Thus : 4r W 7
}szv = m; _kl /: Jo(u) cos(v) ududv
b -
= ~1 c
Jo(u) c cos m-)-
4m k
= ) i
T{Trk? & j Jo(u)udu smv]
0 0
fJo(u)=c
_ 4nm k] /g2 () - c?
= k—12k3 T . dy (u) udu T @
0
( Jolw)=c
g ) @ ua
0
and vV, = [ dv = ——1-417 f” ududv
b Jb klzk .;/'
. Jyw)=c
_ 4T _5 -] C
= —k12k3 ; udu cos Jo(u)
0
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Hence L doa)=c

H
[ 2 2
H,dV _l%.{L | [ 3,5() -c®udu

<H,> = Db = 0
Z bulb P Jo(u)=c
j‘ av i d -1 [¢]
b JJ udu cos Jo(u)
0
To optimize 7', < H, >bu1b = Zco—]t-f{L . Hence, we must find that value of ¢
such that - I =c
Oj v Joz(u) -¢® udu
2 Co = ~ JO(u)= C
' c
: d -1
] udu cos Jo(u)
0

When c, satisfies this equation, then the corresponding value of M' is:

; Jolw)=c,
2 2 4n ‘ -1_C
ky 5 / uducos
- ) <Hz>b Vb _ 2cy T ki?k; 6 J,(u)
opt <H> v, < H* > "R:L
, . Jo(u)=c0
= 16 1 Co j -1__C
= - SHES TS N = J udu cos Jo(u)

;‘ XOl LZ 0

Approximating the surface H,=const. by an ellipsoid, we obtained an approximate

value for ¢, = .25. We therefore evaluated the integrals
'Jo(u)=c If Jo(u)=c
/T 2fu) — o2 i -1_¢C
; J, () -c® udu and _j udu cos T,@
0 0
numerically for values of ¢ = .26, .25, .24. The integration method was

Weddle's Rule and Simpson's Rule. Our results are as follows.
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s J,)=c rdw)=c rd )=c
; /
-1_C /T 2(q) -2 / -1 _C_ '
c cos Jo(u) udu ; Jy,2(u) -¢® udu | 2c )’ cos™ 3 (u)udu "
r = 0
0 0 0
.24 2.0156 1.00445 .96749 .4582
.25 1.9551 .99282 .97755 .4615
.26 1.8985 .97855 .98722 L4617
Cp = .2565 1.9179 .9839 .9839 .4620 (R=1/2)

The value of ¢, was obtained from the first three rows by a second-order
interpolation formula. (x, = 3.8317, <H?>=,08111.)  The optimal value of
7' was obtained for a cylindrical cavity whose diameter = its length (R=1/2).

The value for g' 2for other values of R/L may be obtained by substitution in the
term | x, + “Iljz in the expression for M,5;. The optimal bulb shape together

with the best cylindrical and spherical bulb are shown in Figure D-1.

We also have determined the shape of the optimal outside bulb. The same

criterion, to maximize 7',

<H %ub = 2Hadygurs = 2

holds, and the integrals used in the preceding considerations appear in the same

form. The limits of integration are altered, so that, e.g.,
Xo1

" v J0 () -c¢® udu
ki

zhulb kK Xy

i

<H

! udu cos™ —
v Jo(u)

Yo

where the constant u, satisfies the equation J 0(u0)=c. The estimated value of

¢, was about -.12. The result for an accurate numerical integration and inter-

polation is:
' Xo1 Xo Xa
P cos? =S Ve 1_¢ .
c du cos 7@ udu Iu J2(u) -c? udu Zcf cos @ udu u n
0 0 0
-.12 4,3037 1.10335 1.0329 2.65 . 2589
-. 13 4.12952 1.08152 1.0737 2.672 .2593
Co= -, 1313 4.10675 1.07855 1.07855 .2593
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The optimal "football'" and outside '"doughnut'" bulbs are shown in Figure D-2.
If both these bulbs were pumped with hydrogen atoms, the total ' for both
would be .7213. However, the wall collision rate in the outside bulb is higher

than in the convex-shaped bulbs. The comparative figures are:

Optimal sphere: » = .8R
726 R
473R,

Optimal cylinder: A

Optimal outside bulb: 3
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III. THE RELATIONSHIP OF THESE STUDIES TO THE MASER PROGRAM AT
THE GODDARD SPACE FLIGHT CENTER

The development of the hydrogen maser as a practical laboratory-based
instrument has taken place in a relatively short period of time since the original
discovery of the storage bulb principle. This occurred in 1960, and shortly afterward
considerable effort was undertaken aimed at understanding the quantum mechanical
effects. Later experiments consisted in making stability checks and improving
the stability by the obvious means of controlling various parameters such as magnetic
field temperature, cavity tuning, etc. The results obtained from these early time-
keeping experiments were very encouraging and, when further studies on maser
theory and techniques were done, considerable improvement was made essentially

in the areas where the physics of the instrument was involved.

Relatively little change in the configuration of the maser had occurred until
the time when the present study was begun. An r.f. discharge dissociator, a rela-
tively standard hexapole and a relatively standard bulb constituted the ''standard"
maser. The need for a more reliable dissociator became obvious due to the in-
stabilities and inconveniences of the r.f. discharge. The lengthy and tedious
tuning procedure requiring a skilled operator was also a deterrent to the use of
the maser as a piece of field equipment. Renewed interest in the gravitational red
shift experiment involving a satellite maser made further requirements on the design

of the maser; questions of size, weight and power were being raised.

The present study contract was directed to investigating and evaluating
techniques leading to improved hydrogen masers with attention to the elimination
of the r.f. interference from the discharge dissociator and to the goal of simplify-
ing the lengthy cavity tuning process. Improvements were designed to be tested on
two government-furnished masers, and the criteria of the design of the hardware
improvements were to emphasize the application of the maser to field and space use.
This work was to be done keeping in mind possible retrofitting of the NASA/GSFC

masers using similar design improvements,

The work in the improvement of the dissociator was originally motivated by

r.f. inteference problems; however, as the study has progressed, it appears that the
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thermal dissociator is capable of more complete dissociation, probably close

to 95%. The r.f. dissociator is likely to be less than half as efficient, chiefly
due to recombination in the beam collimator., Since the collimator of the thermal
dissociator is hot, this effect is not a problem. The evolution of the dissociator
from the directly heated version requiring very high power to the electron bom-
bardment heated version requiring far less power has been discussed, and the
description of a design arising from work continued in a further contract,
NASW-1337, is given. This information and further information as it comes to
light in the course of the above program may be of use in retrofitting the
NASA/GSFC masers.

A study of the beam trajectories in the focussing magnet was undertaken
for two reasons. First, the greater thermal velocities from the thermal
dissociator made necessary a recalculation of the magnet configuration. This
could have been done, as previously for the r.f, dissociator, in a relatively
rough manner. However, other factors became important, such as the possibility
of eliminating bulb pollution and other undeflected particles in the beam by using
a stopping disc at the exit aperture of the magnet. For a short apparatus, this can
be a serious problem. A computer program was developed to calculate trajectories
and give beam intensities for various geometrical conditions. The results have
shown that, while the rough approximation previously used is not bad, it is possible
to design an optimum configuration where it should be possible to predict the flux
entering the bulb within a few per cent. The optimizing of maser performance with
respect to beam flux is important for several reasons:

1) Pump lifetime is proportional to total hydrogen flux into the maser.

Hydrogen should be dissociated as efficiently as possible,
state selected and focussed as effectively as possible into the bulb.

2) By proper design of the r.f. interaction region, the oscillation of
the maser can be achieved with a minimum flux into the bulb,

3) The condition for having the lowest flux threshold also allows the
best tuneability.

This last condition can be described best in terms of the parameter q dis-

cussed in the section on the optimum bulb shape. The ratio, r, of the maximum
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linewidth to the minimal linewidth of the atomic resonance is given in terms

of q

1

_ l+q+1(1—6q+q2)/2
- 1
1+q-—(1—6q+q2)/3

The smaller the value of q the better, so that by raising the pressure of the
atoms in the storage bulb the linewidth of the atomic transition is broadened
due to spin exchange collisions among the atoms. The process must not, how-
ever, prevent the maser from oscillating. Cavity-bulb geometries providing a
small value of q hence are favorable in many ways to the successful operation

of the atomic hydrogen maser.

An important part of the program has been the study of automatic tuning
techniques. Prior to the beginning of the program, several techniques had been
considered to set the cavity to the correct maser frequency. It was decided that
techniques using external power to probe the resonant cavity and set it to resonance
had disadvantages. One of these is the required phase and amplitude stability of
the microwave bridge measuring the impedance of the cavity as observed from the
reflected amplitude and phase of the probing signal. Further, the probing signals
can severely perturb the maser oscillation unless the signals are of very small
level and are applied symmetrically about the center value of frequency where the
maser is expected to oscillate. The line broadening method had been selected be-
cause it does not depend on any apriori knowledge of the cavity frequency and
leads automatically to a condition where the maser is tuned in such a way as to
remove certain types of systematic shifts of frequency that are proportional to the
linewidth.!® The most important of these is the effect of frequency shifts due to

atom collisions in the bulb as calculated by Bender.!}

The use of linewidth modulation by spin exchange offers a particular ad-
vantage in that the ratio of the maximum to minimum linewidths can be made
greater than by using other techniques for line broadening such as magnetic

gradient quenching or a foreign gas as a quenching medium.

Having thus decided on the technique, reference oscillators other than

hydrogen masers were considered for observing the necessarily small frequency
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shifts that result from this technique. Some information about crystal oscillators

had been obtained as a result of previous involvement in measurements and techniques
for measuring short term stability. The use of a very stable crystal oscillator

and long integration "lock-in" techniques for seeking out a small shift coherent with
an applied quenching had been considered. In spite of the obvious cost advantages in
having but one maser in such a system, the requirements of long integration times
and the uncertainties in the performance of crystal oscillators made this method a
doubtful one, expecially if one considered the probable aims of any programs involv-
ing hydrogen masers. These aims are to provide the ultimate in frequency repro-
ducibility and stability for measurements that cannot be made by any other standard.
The use of two independently operating masers in such a measuring system seems
obvious, since it is usuélly necessary to obtain assurance of the stability of the
system. The tuning method using the line broadening technique employing two masers
operates each as an independent unit. The reference maser can be operated with a
randomly chosen frequency offset; the only requirement is that ié should operate with
frequency stability comparable to that of the maser being tuned. The successful auto-
mation of this method thus provides not only a stable oscillator continuously verified to be
operating close to its ideal frequency, but also a measure of the performance of the
oscillator. The performance can be evaluated by monitoring the difference frequency

between the masers and employing the appropriate statistical methods.
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IV. NEW TECHNOLOGY

The following are areas where advances have been made in technology:

a)

Thermal dissociator for atomic hydrogen maser;
i. Direct heating by electric current

ii. Electron bombardment heating

The establishment of optimum configurations of bulb structures.

for cylincrical TE mode resonators;

o11
i.  Optimal shape of bulb

ii. Optimal sphere

An automatic tuning technique for stabilizing the output frequency
of the maser to the resonance frequency of the hydrogen atom con-

fined in the maser bulb.

Patent disclosures have been written for these new techniques.
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